The evolutions of the uniaxial torque and magnetization with the applied magnetic field allow us to discriminate the sources of in-plane magnetic anisotropy in amorphous ribbons. In order to determine the magnetic anisotropy sources, a simple model has been developed for an inhomogeneous material. We apply this model to explain the quite different behavior observed in the evolution of the uniaxial torque amplitude with the applied magnetic field of two commercial Co-based amorphous alloys.
I. INTRODUCTION
Amorphous magnetic ribbons obtained by rapid solidification show in-plane magnetic anisotropy. Since these materials lack of long-range order, the most probable causes of this anisotropy are shape factors or stresses developed around irregularities such as surface roughness, microholes, crystalline precipitates, composition fluctuations, or overstrained zones, 1,2 residual stresses frozen in the material after the solidification process, 3 and directional order originating from the manufacturing process. 4, 5 These different sources give rise to anisotropies that affect different regions of the material; residual stresses and directional order would produce magnetic anisotropy influencing the whole material, while the other sources of anisotropy would only affect the small volumes occupied by the irregularities.
Generally, amorphous ribbons are soft magnetic materials and reach saturation magnetization at applied magnetic fields of the order of a few Oersteds. Above these low magnetic fields, the in-plane magnetic anisotropy measured by torque magnetometry should be essentially constant. However, the fact that the measured torques can increase 6 or decrease 7 with the applied magnetic field indicates a lack of magnetic saturation of the entire sample.
Studies of the dependence of the in-plane magnetic anisotropy on the applied field in these materials indicate that the saturation value of this magnitude is reached at hundreds or thousands of Oersteds. 8 This lag between the magnetic field necessary to saturate the magnetization and that needed to saturate the measured in-plane magnetic anisotropy has been interpreted as due to the contribution to the torque of unsaturated imperfections in the sample that occupy a small volume, but produce a high magnetic anisotropy. The magnetization in these zones is only saturated at high applied fields. Nevertheless, due to the small fraction of volume that they occupy, their contribution to the magnetization would be negligible, so the total magnetization saturation is apparently achieved at the low fields mentioned above.
From the dependence of the measured in-plane anisotropy and magnetization on the applied field with different mechanical polishing, electrolytical polishing, and thermal treatments, it is possible clarify the different sources of the in-plane anisotropy and the volumes of the samples affected by them.
In the present article, we study the dependence of the uniaxial torque amplitude T u on the applied magnetic field H in two different amorphous ribbons. The differences found in the T u -H curves in both amorphous alloys are explained by means of an approximate model for inhomogeneous samples developed by some of the authors. 8 With this simple model, it is possible to evaluate the anisotropy distribution within the samples. Magnetization curves and torque measurements carried out in the samples after mechanical polishing are also presented in order to corroborate the results.
II. EXPERIMENTAL PROCEDURE
Both of the materials employed in the present article are Co-based magnetic amorphous ribbons with very low magnetostriction in order to avoid the possible stress effects after the mechanical polishing. The first alloy is VITROVAC 6150, which is a trade mark of the German company Vacumschmeltze. It is a 2. In order to avoid shape effects, nearly perfect circular samples were cut out from the ribbons using a method developed in our laboratory. 9 The diameters of the samples were 10.62 mm for the sample of VITROVAC 6150 and 9.96 mm for Co 66 Analyzing the behavior of the curves corresponding to the as-quenched state, the sample VITROVAC 6150 shows a greater macroscopic anisotropy than Co 66 B 12 Si 16 Fe 4 Mo 2 but, nevertheless, its torque amplitude saturates at a very much lower applied magnetic field.
The explanation of this behavior stems from the fact that the macroscopic anisotropy constant is measured as the volume averaged anisotropy energy. It is possible to have a high magnetic anisotropy occupying only a small fraction of the volume of the sample. In this case, the macroscopic anisotropy and the torque measured per unit volume would be small. On the other hand, a low magnetic anisotropy affecting the whole material can produce a greater torque on the sample.
In the same way, if a sample exhibits a low torque amplitude due to the presence of a high magnetic anisotropy in a small fraction of the volume, it is expected that the curve T u -H saturates only at the high applied magnetic fields at which the strongly anisotropic zones in the material are saturated.
In order to estimate the anisotropy distribution of the two samples and explain the different behavior shown in Figs. 2 and 3 in more detail, we have developed a simple model based on a previous work. 8 For simplification, we have made the following assumptions:
͑1͒ The sample is formed by an indefinite number of regions that occupy different volume fractions and exhibit different magnetic anisotropies.
͑2͒ In each region, the uniaxial torque amplitude varies linearly with the applied field H, as shown in Fig. 4 . The measured anisotropy of the ith region increases linearly until the anisotropy field H ki is reached. Then, the uniaxial torque amplitude T i reaches the maximum value K i , which is the magnetic anisotropy constant of the ith region.
Taking Fig. 4 into account, we can obtain the torque amplitude T i exerted in the ith region as follows:
Within this linear approximation, T u -H curves can be considered as formed by a series of linear steps, changing step each time that the saturation of a zone is reached at the field HϭH ki . The anisotropy constant of the whole sample K u can be considered as the volume weighted sum of the contributions of each anisotropy region:
where f i is the volume fraction corresponding to the ith region. The anisotropy constant K i can be related to the anisotropy field H ki and the saturation magnetization M s as follows:
If the sample is still unsaturated at an intermediate field H, it means that the zones with anisotropy field H k ϽH are saturated and that there are zones with H k ϾH which remain unsaturated.
Similarly, the uniaxial torque amplitude T u for the whole sample at a field H, with H kiϪ1 ϽHϽH ki can be expressed as
͑5͒
In this case, the zones 1,2,...,iϪ1 are saturated and contribute with constant terms ͓Eq. ͑2͔͒ to the total torque amplitude T u . They constitute the independent term a i of the straight line. The zones i,iϩ1,...,n are unsaturated and their contributions ͓Eq. ͑1͔͒ are responsible for the slope of the straight line between the fields H kiϪ1 and H ki .
Using the preceding ideas we can evaluate the anisotropy constant and the volume fraction of each anisotropic region. We can consider the applied magnetic field of each measurement as being the anisotropy field of a corresponding region in the material. Then, H k j ϭH j , where H j is the field at the jth experimental point. Figure 5 is a representation of three experimental points at the fields H iϪ1 , H i , and H iϩ1 which define two parts in the figure: parts I and II. In part I of Fig. 5 , the measured uniaxial torque amplitude T u follows Eq. ͑5͒. At the field H i , the ith anisotropic region saturates and the expression for T u in part II of the graphic will be
͑6͒
Subtracting the slope of Eq. ͑6͒ from the slope of Eq. ͑5͒, we get
then, we can obtain the contribution of the ith region to the anisotropy constant of the whole sample as FIG. 4 . Linear approximation for the evolution of the uniaxial torque amplitude T i with the applied magnetic field for one of the regions (ith region͒ in which the sample is considered to be formed. The maximum torque amplitude K i is the magnetic anisotropy constant of the region and is reached at the anisotropy field H ki .
͑8͒
Looking at Fig. 5 we can write the slopes as a function of the magnetic fields H i and torque amplitudes T i of each experimental point
Taking into account of Eq. ͑4͒ and the fact that H ki ϭH i , we can obtain the volume fraction occupied by the ith anisotropic region in the following way:
͑11͒
By means of Eqs. ͑4͒ and ͑11͒ and the experimental data (H i ,T i ), it is possible to make an evaluation of the anisotropy distribution in the volume of the material. Evidently, this evaluation will be more accurate when more experimental points have been measured, mainly in the nonlinear zones of the curves.
We have applied the model to the torque results shown in Figs. 2 and 3 Tables I and II , respectively. The tables are divided into three blocks. The first block shows the estimated internal magnetic field and the corresponding magnetic anisotropy K i . The anisotropy constant K i is calculated assuming the magnetic field to be the anisotropy field of the ith zone in which we divide the volume of the sample in order to apply the model.
In the second block, we present the results for the nontreated samples ͑as-cast͒. The first column collects the values of the uniaxial torque amplitude T u measured by means of the torque magnetometer. The second column shows the values of the volume fraction f i of the zone in the sample affected by the magnetic anisotropy with value K i . The last column contains the contribution of each zone to the total uniaxial torque amplitude measured in the torque magnetometer. This contribution is calculated as the product f i K i .
The third block shows the results obtained after the mechanical polishing of the samples and it has the same layout as the second block.
Looking at the two tables we can point out the following general characteristics: FIG. 5 . Scheme corresponding to three hypothetical T -H experimental points. The three points form the regions I and II in the graphic. The change in the slope that occurs at the central point is due to the saturation of a certain volume in the sample that exhibits a magnetic anisotropy with anisotropy field equal to H i . From Tables I and II , it is also possible to observe a great difference between the anisotropy distributions of the two samples, namely, the remarkably large volume that the low anisotropy zones occupy in the sample VITROVAC 6150, about 1% of the volume has a uniaxial anisotropy of about 1200 J m Ϫ3 and 29% exhibits a magnetic anisotropy of 600 J m Ϫ3 . It seems evident that in the case of VITROVAC 6150 the bulk of the amorphous alloy has a weak magnetic anisotropy ͑less than 600 J m Ϫ3 ͒. This low anisotropy affecting the bulk of the sample can be attributed to the existence of directional order in the material. The pair ordering would be induced during the manufacturing process in materials with high Curie temperature as was shown in previous works. 5, 9 In VITROVAC 6150, zones with magnetic anisotropy up to 2000 J m Ϫ3 occupy a 29.8% of the volume and contribute 188.7 J m Ϫ3 to the total anisotropy. After mechanical polishing, the same zones occupy 29.9% and contribute 187.3 J m Ϫ3 . This fact indicates that surface roughness is not the main origin of the anisotropy present in the corresponding zones of the sample.
The fact that small anisotropies do not change with mechanical polishing indicates that they are homogeneously distributed throughout the whole material. This reinforces the idea that they are produced by the existence of directional order in the alloy VITROVAC 6150.
In the case of Co 66 B 12 Si 16 Fe 4 Mo 2 , there is no volume fraction above 1%, to which an anisotropy of about 700 J m Ϫ3 may correspond. In this case, the amorphous bulk of the material does not seem to have an appreciable magnetic anisotropy.
The absence of appreciable magnetic anisotropy in the bulk of the sample of Co 66 B 12 Si 16 Fe 4 Mo 2 is confirmed by the fact that the magnetic anisotropy diminishes by 90% after mechanical polishing of the sample. It is evidence that surface roughness is the main origin of the magnetic anisotropy. ͑1͒ In VITROVAC 6150 ͑Fig. 6͒, the magnetization curve along the longitudinal direction has a higher slope than the curve along the transversal direction. At about 3000 A m
Ϫ1
, both magnetization curves bend and become practically horizontal with the transversal magnetization slightly lower than the longitudinal one. The area enclosed by the two magnetization curves at these low applied magnetic fields was estimated by the graphical method as 170 J m
Ϫ3
. ͑2͒ In Co 66 B 12 Si 16 Fe 4 Mo 2 ͑Fig. 7͒, the magnetization curves along the longitudinal and transversal directions practically coincide at low fields, and above 1600 A m Ϫ1 the two curves become practically horizontal, but the magnetization curve along the transversal direction is now always under the curve corresponding to the longitudinal direction. In this case, the curves do not enclose an appreciable area at these low fields.
The area enclosed by the two magnetization curves is a good approximation of the uniaxial anisotropy present in the plane of the sample. Then, the value of 170 J m Ϫ3 calculated approximately from the area enclosed by the magnetization curves of VITROVAC 6150 at low fields could be related to the contribution to the anisotropy due to the zones in the sample exhibiting low anisotropy fields.
As was pointed out before in VITROVAC 6150, the zones with magnetic anisotropy less than 2000 J m Ϫ3 (H a up to 4000 A m Ϫ1 ͒ contribute 181 J m Ϫ3 to the total anisotropy. This value is in good agreement with that obtained from the magnetization curves. In the case of Co 66 B 12 Si 16 Fe 4 Mo 2 , there is no difference between the magnetization curves along the longitudinal and transverse directions. This result is in agreement with the fact that the bulk of this sample is essentially isotropic. In this case, its anisotropy cannot be evaluated from the difference between the magnetization curves because this difference exists mainly in the region of high applied magnetic fields.
IV. CONCLUSION
In this article, torque measurements of the macroscopic in-plane magnetic anisotropy for two Co-based amorphous alloys ͑VITROVAC 6150 and Co 66 B 12 Si 16 Fe 4 Mo 2 ͒ are presented. A different behavior was observed in the approach to saturation of the uniaxial torque amplitude T u with the applied magnetic field. In order to explain this difference, a simple model has been developed, in which the amorphous samples are supposed to be formed by a certain number of regions exhibiting different magnetic anisotropy constants and occupying different volume fractions within the sample. In other words, the macroscopic anisotropy is the volume average of the anisotropy distribution throughout the amorphous material.
For VITROVAC 6150, the measurements are interpreted by the model to indicate that this material exhibits a kind of magnetic anisotropy that affects the bulk of the sample. This anisotropy may be due to the presence of pair ordering in the sample. The magnetization curves in the longitudinal and transverse directions of this sample show different slopes at low magnetic fields. The two magnetization curves enclose an area of about 170 J m Ϫ3 that is related to the magnetic anisotropy in the plane of the sample and it is in good agreement with the contribution of the low anisotropy regions to the total magnetic anisotropy, which is 190 J m Ϫ3 .
On the other hand, the sample of Co 66 B 12 Si 16 Fe 4 Mo 2 shows an anisotropy distribution characterized by the presence of more intense magnetic anisotropies, but occupying very small volume fractions. In this case, the bulk of the material is essentially isotropic. The origin of the macroscopic in-plane magnetic anisotropy for this alloy should be due mainly to the magnetostatic effect of the surface roughness. This conclusion is confirmed by the fact that the magnetic anisotropy diminishes by as much as a 90% when the roughness of the wheel surface is removed by mechanical polishing. The magnetization curves along the longitudinal and transversal direction in this case do not enclose any significant area at low fields.
